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tants are now predicted from the TrAvrPto structure to bilobal / protein, while AvrPto is an unstable helical
bundle. The structural diversity of type III effectors re-disrupt or further destabilize the overall protein fold. One
mutant falls outside of the TrAvrPto construct, but the flects the long-standing and remarkably complex battle
between plant and pathogen. With sequencing of sev-other four are clustered in the large loop. These muta-
tions, as well as further studies conducted by Wulf et eral P. syringae genomes complete, and with determina-
tion of the structures of AvrPto and AvrB, the stage isal., implicate the  loop in binding to Pto.
At first glance, it is surprising that P. syringae has not set for detailed analyses of how avr proteins recognize
their targets, how this enhances bacterial virulence, andlost or mutated AvrPto in order to avoid binding to Pto
and eliciting the HR in resistant hosts. Wulf et al. show how host defenses respond.
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conformation of the loop as well as its residue content. David A. Horita
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tosynthesis, respiration, and ATP synthesis. Some ofIntra-Protein Proton Transfer:
the enzymes involved in energy conservation processesPresentation of the Most Massive translocate protons at the expense of external force to
build a proton electrochemical gradient as large as10Flux in the Biosphere at Quantum
kBT across the bio-membrane (almost as much as theChemistry Resolution
membrane can stand without disintegration). The mem-
brane-bound ATPase uses the energy stored in the pro-
ton gradient for the synthesis of ATP. This reversible
cycling of protons across the bio-membrane is consid-
Quantum analyses of the potential routes for proton ered the most massive flux in the biosphere.
transfer during the bacteriorhodopsin photocycle un- The mechanism of unidirectional yet microscopically
expectedly reveal three alternatives (Bondar et al., reversible proton translocation has been under investi-
2004 [this issue of Structure]) and clarify pervious find- gation for a long time. Yet, even though the enzymes
ings. The implications of this result extend beyond involved in the reactions had been identified and their
bacteriorhodopsin, illustrating the value of theoretical structures are known, the molecular mechanism is still
calculations in understanding mechanism in atomic elusive, posing a series of biophysical problems. Some
detail. of these problems necessitate the analysis of the mech-
anism at atomic, quantum mechanical resolution.
Intra-protein proton transfer is perhaps the most funda- Within a protein, protons cannot be maintained as
mental flux in the biosphere; it is essential for all energy “bare” protons (H	), and even the solvated state (H3O	)
is extremely unlikely to be found inside a protein. Theconservation processes (Mitchell, 1966), including pho-
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Born energy, needed to insert a charge into the low between the sites is close enough to allow a proton
transfer event (Sacks et al., 1998). Any rotation-vibrationdielectric matrix of a protein, is too high to permit these
forms as a stable species inside a protein. Thus, the event that will bring the reactants close together will
make the reaction possible. Thus, the pathway of protonmost stable form within a protein is a covalently bound
state, which makes a proton less susceptible to the transfer through the protein can be deduced by follow-
ing the relative motion of the suspected residues byeffects of local electrostatic potential. A covalently
bound proton will be transferred when an acceptor moi- molecular dynamics.
Molecular dynamics can hardly be calculated for moreety is sufficiently close or an intermediate residue (like
a water molecule or an OH moiety) bridges the gap than a few nanoseconds, limiting reconstruction of the
intra-protein proton transfer process to the most initialbetween donor and acceptor sites. Proton transfer is
essentially the motion of a proton along a hydrogen steps of the photocycle, where the perturbed domain
is restricted to the vicinity of the chromophore and thebond, starting from the vicinity of the donor toward an
acceptor atom (Cleland, 2000). The intrinsic energy bar- coherence of the reaction is still high. Molecular dynam-
ics calculations of initial events carried out by Edmanrier for this reaction is extremely dependent on the pre-
cise geometry of the reaction complex; either stretching and coworkers (Edman et al., 2004) revealed that the
proton could propagate from the Schiff-base by morethe length of the hydrogen bond, or bending it causes
a sharp increase in the activation energy of the reaction than one possible trajectory. Yet, since molecular dy-
namics cannot follow the formation and/or breaking of(Scheiner and Hillenbrand, 1985). Based on this knowl-
edge, the intra-protein proton-transfer reaction can be covalent bonds, the preferred trajectory cannot be de-
duced. Quantitative estimation of the feasibility of adiscussed in general terms of site geometry and how
particular residues can support this reaction. Thus, vari- given trajectory should consider not only the structural
fluctuations but should also gauge of the energy land-ables such as changes in the hydration state, the polar-
ization of a hydrogen bond by a nearby charge, or scape through which the proton can travel (Warshel,
2002). This can be done by following the paths that leadcharge-dependent pK shifts can be assigned as essen-
tial steps in the reaction mechanism (Lanyi and Scho- from initial to final configurations, while avoiding the
peaks of the terrain, selecting the lowest passes.bert, 2003; Cukier, 2004).
Of the many proton-pumping proteins whose struc- In this issue of Structure, there is a report by Fischer
and coworkers (Bondar et al., 2004) who implementedture is established, the best model system for further
study is Bacteriorhodopsin (Br). Br is a photon-driven this strategy for mapping the first proton transfer event
in the photocycle of Br. This step determines the direc-proton-pumping protein of 249 amino acids arranged
in seven trans-membrane helices whose structure is tion that the proton will take, and the site to which it
will be bound. In their study, Bondar et al. first assuredknown at 1.55 A˚ resolution (Luecke et al., 1999). The
protein contains one chromophore, a retinal molecule that their calculations are structure independent; i.e., the
same conclusions are obtained with different crystallinethat is located inside a tightly closed cavity. The retinal is
covalently bound to the protein via a protonated Schiff- structures of the protein. Then energy minimizations
based on Quantum mechanical/molecular mechanicalbase, which has a crucial role in the mechanism. Under
excitatory conditions, the chromophore undergoes a calculations (QM/MM) were used to determine which of
all possible configurations of the retinal correspond toconformation change where its structure is distorted,
initiating two parallel events: a directional release of the initial and final states of proton transfer. When both
ends of the trajectories were selected, a systematicthe proton from the Schiff-base toward a carboxylate
located on the extra-cellular side of the membrane and search was carried out, searching for the different mini-
mum energy paths connecting the initial and final states.propagation of mechanical distortion of the protein
structure. The excess energy of the absorbed photon Various trajectories were then screened according to
the heights of the energy barriers, looking for those withis stepwise dissipated by a series of conformation
changes that are associated with release of a proton values compatible with the measured activation energy.
It turned out that, within the accuracy of the computa-to the extra-cellular side and uptake of proton on the
cytoplasmic surface. Consequently, the whole photocy- tions (2 Kcal/ mol), three pathways are consistent with
the experimental data. It must be stressed that on trans-cle results in net translocation of a single proton process
across the protein. The reaction steps can be readily forming the uncertainty to Boltzmannian distribution, the
fluxes through the pathways can still be within a factordistinguished by characteristic shifts of the retinal’s ab-
sorption maximum. Illumination of protein crystals under of 100 of each other. Still the multiplicity of pathways
is a clear indication that at molecular level enzymic catal-controlled cryogenic conditions allows the photocycle
to progress exclusively, up to a certain step of the pho- ysis can have more than one mechanism.
In general, the results of theoretical calculations ortocycle, leading to mixed crystals suitable for deducing
the structure of the intermediate states (Lanyi and simulations should be taken with caution because, dur-
ing repeated computations, even a minor inaccuracySchobert, 2003; Edman et al., 2004).
Deduction of the proton’s trajectory, on the basis of can accumulate into a large error. Therefore, the real
test of a system is not only its ability to reconstruct whatthe intermediate structure is somewhat restricted due
to the static nature of the information. Therefore, when it was intended to measure, but also other observations,
which correspond to different experimental protocols.the donor-acceptor distance is measured as 3–4 A˚, it
seems to be too large to permit a proton transfer be- In the case of Fischer and coworkers, they assessed
whether a certain mutation that removes an OH residuetween them. Yet when the dynamics of the structure is
considered, there can be situations where the distance suspected to function as an intermediate in the proton
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adopting similar structures because of the general pack-Structurally Analogous
ing and folding rules (Lesk et al., 1989). However, withProteins Do Exist! the development of more sophisticated methods of se-
quence and structure analysis, it became clear that most
TIM barrels are likely to share a common origin and
thus are homologous (Nagano et al., 2002). Nowadays,
The structure of a random protein sequence selected homology has become the default explanation for the
in vitro for ATP binding (Lo Surdo et al., 2004) resem- majority of structural similarities. Are we pushing homol-
bles the treble clef zinc binding motif. Since this artifi- ogy too far?
cial protein does not share a common ancestor with The main problem here is that evolutionary concepts
any natural treble clefs, it exemplifies the existence of are difficult if not impossible to probe experimentally.
structural analogs. Many researchers would argue that evolution happened
once and thus by definition is not subject to experiment.
Similarity between protein shapes and folds are rational- However, it is possible to experiment with evolutionary
ized in terms of homology or analogy. Homologous pro- rules and to see what is likely and what is not. For
teins inherited their similarities from a common ancestor example, it is possible to demonstrate experimentally
and structural analogs arrived at them independently. that analogous structures exist. In fact, this has been
Homology provides the most parsimonious explanation done as an unintentional by-product of the recent study
of similarity, but analogy is argued for because of the by Lo Surdo et al. (Lo Surdo et al., 2004). Lo Surdo
simplicity and regularity of protein folding patterns. This et al. report the crystal structure of a protein domain
simplicity makes it conceivable that two structures are selected from a large pool of random sequences and
similar not because of their evolutionary connection, but optimized by function-directed in vitro evolution (Keefe
by chance, due to the limited number of ways nature and Szostak, 2001). Although the artificial nucleotide
can place a few secondary structural elements around binding protein (ANBP) was selected for ATP binding
each other. It is generally accepted that if two structures only, in addition to ADP, the crystal structure also re-
are rather similar and reasonably complex, then they vealed a zinc ion bound to four cysteine residues (Lo
are probably homologous. If the structures are less simi- Surdo et al., 2004) (Figure 1A). The authors describe the
lar and in addition very simple, they are probably analo- structure of ANBP as belonging to a novel fold. While
gous. However, due to the absence of clear-cut criteria, this is true if one considers the details of the structure,
rationalization of the structural similarity in terms of ho- we find it most amazing that the zinc binding region of
mology or analogy is not straightforward and even the structure displays a strong resemblance to a large
changes with time. In the early days of crystallography, and diverse group of zinc binding proteins known as
it was more traditional to infer analogy. For instance, treble clef fingers (Grishin, 2001; Krishna et al., 2003)
8-fold pseudosymmetric /-barrels (TIM barrels) that (Figure 1B).
are found in many groups of enzymes were regarded Treble clefs share the unusual geometry of a zinc
binding site formed by four ligands, two of which areas classic examples of analogy: i.e., unrelated proteins
